ever, because cocaine has a potent pharmacological effect to inhibit monoamine uptake (Jones et al., 1995; Wu et al., 2001), it has been difficult to separate inSummary creases in dopamine due to either the primary pharmacological or secondary conditioned effects of the drug.
press responding and the cues that predict cocaine deIn phase two (extinction), saline was substituted for colivery (Phillips et al., 2003b). Therefore, we hypothecaine. Each lever press resulted in saline infusion (6 s) sized that the preresponse phasic dopamine signal paired with the drug-associated cues (20 s). This led to would remain during extinction, while the postresponse a dramatic increase in the rate of responding measured dopamine signal would attenuate as the learned assoover the first ten trials of extinction [F(9, 79) = 6.2; p % ciation between the reinforcer and the drug-associated 0.0001; Figures 1A and 1C] and the eventual cessation cues decreased across extinction trials. For analysis of responding after 20.3 ± 3.0 trials. Following 30 min purposes, extinction was broken up into early (first ten) of no responding, phase three (reinstatement) was initiand late (last five) lever presses. Figure 3A shows a sinated. Specifically, self-administration behavior was regle trial in early extinction. Even though each lever established by a noncontingent intravenous infusion of press resulted in a saline infusion paired with the drugcocaine (0.33 mg, 6 s) paired with the same drug-assoassociated cues, both the pre-and postresponses ciated stimuli. During the reinstatement phase, rats were associated with the lever press. A repeated meawere allowed to respond five times, in which each sures ANOVA revealed that preresponse DA transients response resulted in cocaine paired with the drugremained remarkably stable in amplitude throughout associated cues, as in maintenance. Response rates early extinction and were not significantly different reladecreased and eventually stabilized over the five tive to the maintenance phase [F(10, 87) = 0.83; p = reinstatement trials [F(4, 39) = 3.1; p < 0.05; Figure 1D , dopaminergic signals at the lever press in mainsignal on trial 10 was significantly less than the average tenance have two distinct components: an initial indopamine signal during the maintenance phase (p % crease in dopamine in the time interval 10 s before the 0.05). lever press response (termed preresponse) followed by As the extinction phase proceeded, a clear dissocia larger increase within 10 s after the response (termed ation between pre-and postresponse dopamine tranpostresponse). The mean preresponse dopaminergic sients became apparent. Figure 3D shows a single lever signal was 52.6 ± 6.2 nM and remained stable in amplipress response (from the same animal shown in drug-associated cues (reinstatement). Figure 4A shows that dopamine was again associated with the operant response during reinstatement. A repeated measures ANOVA revealed no significant change in the amplitude of the preresponse dopamine transients during reinstatement relative to maintenance or extinction [F(6, 55) = 0.68; p = 0.66; Figure 4B ], further demonstrating that the preresponse is variable, but persistent. In contrast, the postresponse dopamine transients, while attenuated during extinction, reemerged by the second trial of the reinstatement phase. A repeated measures ANOVA revealed a significant main effect of trial number on the postresponse dopamine amplitude during reinstatement [F(7, 63) = 4.61; p % 0.0005; Figure 4C ]. Post hoc tests showed that the postresponse dopamine transients were significantly lower during the "priming" infusion and during the first lever press of reinstatement relative to the average dopamine concentration during the maintenance phase.
"Spontaneous" Dopamine Transients Correlate with Calculated Brain Cocaine Concentrations
While dopamine transients are consistently associated with each operant response during maintenance and reinstatement (Figures 2 and 4) , we have also identified another aspect of dopamine signaling: spontaneous dopamine transients, which are not associated to any overt behavior (e.g., lever press) or environmental stimuli. These transients occur randomly and increase in Fiorillo et al., 2003) . Here, as extinction progressed, both the probability that the drug-associated cues predict cocaine delivery and the postresponse dopamine transient amplitude decreased. Importantly, the dynamic decrease in postresponse dopamine signaling during extinction reported here is exactly the response predicted by temporal difference reinforcement learning models for learning-associated signals (Schultz et al., 1997; Redish, 2004) . Likewise, the dissociation between the drug-associated cues and cocaine delivery may explain why no significant increase in dopamine is observed relative to the priming infusion of cocaine paired with drug-associated cues following extinction. At this time, the probability that the cues predict cocaine delivery is the lowest. While the present findings demonstrate that time-locked DA responses are highly plastic over short time periods, future studies are necessary to determine whether these signals are modulated with other more long-duration drug-seeking paradigms that mirror human drug withdrawal and relapse. over minutes may simply be due to a summation of all spontaneous dopamine transients. Furthermore, spontaneous dopamine transients may be able to diffuse It is important to note that a clear dissociation exists between pharmacological levels of cocaine and the ocgreater distances and interact with a greater population of dopamine receptors in the presence of cocaine. As currence of postresponse dopamine transients. First, modeled cocaine concentrations did not correlate with such, the significance of spontaneous events may be to activate a larger neuronal network in the presence the amplitude of these events. Second, examination of Figure 4C shows that no postresponse transients were of cocaine compared to nondrug conditions, in which spontaneous dopamine transients are observed much observed during late extinction, following the cocaine prime, and relative to the first lever press during reinless frequently (Roitman et al., 2004). Although spontaneous dopamine transients do not statement. However, calculated cocaine levels are dramatically different at these time points (see Figure 5D ). appear to be time locked to any overt behavior or environmental stimuli, they may play an important role by Finally, during early extinction (by trial 4) calculated cocaine concentrations were similar to levels modeled encoding for the hedonic aspects of drug-taking. Consistent with this, locomotor activity, which in this study during the first lever press in reinstatement, yet postresponse dopamine transients were still observed at this was associated with the rate of lever pressing during extinction is maximal following a decline in spontanepoint in extinction (Figure 3C) , as opposed to their absence during trial 1 of reinstatement ( Figure 4C ). Collecous dopamine transient frequency ( Figure 6D ). This is Following equilibration of the voltammetric electrode (w1 hr), the at 07:00). Rats had ad libitum access to food, while water intake experiment was begun by turning on white noise and illuminating was restricted to 30 ml/day to maintain body weight. Rats were the cue light above the lever, signaling drug availability. Rats typianesthetized with ketamine hydrochloride (100 mg/kg i.m.) and xycally responded two to four times in quick succession, then three lazine hydrochloride (20 mg/kg i.m.) and implanted with a chronic distinct experimental phases followed: maintenance, extinction, indwelling SILASTIC catheter into their right jugular vein as deand reinstatement. The maintenance phase consisted of five lever scribed previously (Carelli and Deadwyler, 1996) . A syringe pump press responses in which each response was reinforced with a 0.33 was connected to a liquid swivel system in sound-attenuated exmg infusion of cocaine (delivered over 6 s), paired with a 20 s preperimental chambers, which enabled intravenous infusion of cosentation of the drug-associated cues (as described above). Folcaine. An additional nine animals were removed from the study; lowing maintenance, the extinction phase of the experiment began, four were removed due to faulty i.v. catheters, four had no detectaand heparinized saline was substituted for cocaine. During extincble electrically evoked DA release at the beginning or end of the tion, each lever press response resulted in a 6 s infusion of saline experiment, and one would not initiate lever pressing. paired with a 20 s presentation of the drug-associated cues. This Following a 1 week recovery period, rats were trained daily to caused a dramatic increase in the rate of responding (see Figure 1 ) self-administer i.v. cocaine in 2 hr sessions. At the beginning of and eventually the termination of lever presses. The extinction each self-administration session, rats were placed in the operant phase of the experiment was determined to be complete following chambers (Med Associates, St. Albans, VT), connected to the sy-30 min without a lever press. The reinstatement phase was initiated ringe pump, and a cue light located 6.5 cm above the lever was by noncontingently priming each animal with an infusion of cocaine illuminated to signal drug availability. Each lever depression re- 
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